itself, the pedunculopontine tegmental nucleus (PPTg), which is interconnected with several regions known to be involved in decision making, may contribute to this process.
The PPTg is composed of a heterogeneous population of cholinergic, GABAergic and glutamatergic cells that give rise to efferent projections to basal ganglia nuclei (substantia nigra pars reticulata and subthalamic nucleus), midbrain regions (superior colliculus and ventral tegmental area), thalamus, deep cerebellar nuclei, medullary targets, and cortical regions (Beninato and Spencer 1987; Edley and Graybiel 1983; GarciaRill 1991; Martinez-Gonzalez et al. 2011; Rye et al. 1987; Woolf and Butcher 1986) . The reciprocal connectivity with the basal ganglia, in particular, suggests that the PPTg plays a role in motor control and reward processing Garcia-Rill 1991; Inglis and Winn 1995; Mena-Segovia et al. 2004 ). Indeed, electrophysiological studies in several mammalian species performing operant motor tasks have found that single PPTg neurons are phasically active at the time of eye ), limb Matsumura et al. 1997) , and body movements (Norton et al. 2011 ) and in response to reward delivery Kobayashi and Okada 2007; Norton et al. 2011; Pan and Hyland 2005) . However, the widespread connectivity of the PPTg, as well as its modulation by dopaminergic, serotonergic, and noradrenergic input (Blaha and Winn 1993; Grace et al. 2012; Inglis et al. 1993; Matulewicz et al. 2010; Steiniger and Kretschmer 2004) , suggests that the PPTg may contribute more broadly to sensorimotor decision making rather than simply represent motor and reward information (Steckler et al. 1994) . In this study, we employed a sensory-cued spatial-choice task (Uchida and Mainen 2003) to examine how and when PPTg activity reflects "task-related variables," defined as quantities underlying goaldirected movements in response to sensory stimuli (e.g., movement direction and outcome).
We found that PPTg activity reflects the direction of movement before, during, and after the choice, as well as the presence or absence of reward. Moreover, the activity of individual neurons often reflected multiple task-related variables, either simultaneously or across time. We discuss these results within the context of the interconnected network of brain regions underlying sensorimotor decisions.
MATERIALS AND METHODS

Animals
All experiments were performed according to protocols approved by the University of Colorado School of Medicine Institutional Animal Care and Use Committee. Mice were bred in the animal facilities of the University of Colorado Anschutz Medical Campus or purchased from a commercial breeder (Jackson Laboratory). We used male adult C57BL/6J mice (n ϭ 5; age at the start of experimental use ϭ 124 -186 days). The animals were housed in a vivarium with a 12:12-h light-dark cycle with lights on at 5:00 AM. Food (Teklad Global Rodent Diet no. 2918; Harlan) was available ad libitum. Access to water was restricted to the behavioral session; however, if mice did not obtain ϳ1 ml of water during the behavioral session, additional water was provided for ϳ2-5 min following the behavioral session (Smear et al. 2011) . All mice were weighed daily and received sufficient water during behavioral sessions to maintain Ͼ85% of pre-water restriction weight (predeprivation, 26.43 Ϯ 2.05 g; postdeprivation, 26.41 Ϯ 1.73 g; means Ϯ SD).
Behavior (Odor-Guided Spatial Choice Task)
All mice were trained using operant conditioning to discriminate the dominant odor from the mixture of two odors and associate an odor stimulus with reward port location. Behavioral training and testing used water restriction for motivation. Performance parameters, odor valve operation, and water delivery were controlled using custom software written in MATLAB (The MathWorks, Natick, MA).
Each mouse was trained to interact with three ports raised 2 cm from the platform floor along one wall of a behavioral chamber (24.5 ϫ 20 ϫ 19 cm). A light turning on in the center port indicated that the mouse could initiate a trial by entering the center port, which triggered the delivery of an odor [empirically measured to arrive to the mouse at 75-100 ms following port entry using a photo-ionization-detector; similar to previous reports (Uchida and Mainen 2003) ]. Between 200 and 600 ms (range; mean Ϯ SD, 434 Ϯ 68 ms) after the odor valve was opened, a go signal (center port light off) indicated that the mouse was permitted to exit the odor port and move toward a reward port. Premature exits from the odor port resulted in the unavailability of reward on that trial. On the basis of attempts to train mice on a reaction-time version of the task (i.e., without a go signal), we believe that the go signal is useful for training some mice to attend to the odor, even if they were not always successful at waiting for the cue. Odors comprised binary mixtures of (ϩ)-carvone and (Ϫ)-carvone, commonly perceived as caraway and spearmint, respectively; an enantiomeric odor pair was selected to control for differences in molecular structure of odorant stimuli. Mice were trained to associate odor combinations wherein (ϩ)-carvone Ͼ (Ϫ)-carvone indicated right port reward availability and (Ϫ)-carvone Ͼ (ϩ)-carvone indicated left port reward availability. On trials in which (ϩ)-carvone ϭ (Ϫ)-carvone, the probability of reward at the left and right ports, independently, was 0.5. Reward, consisting of 5 l of water, was delivered by transient opening of a calibrated water valve 1-40 ms after water port entry.
In this experiment, we used seven odor mixtures comprising varying concentrations of the two carvones [(ϩ/Ϫ)-carvone: 95/5, 80/20, 60/40, 50/50, 40/60, 20/80, 5/95] . Twenty microliters of each odor mixture were diluted 10-fold in light mineral oil (Fisher Scientific) and pipetted onto a syringe filter that was connected to a manifold used by the olfactometer (Island Motion, Tappan, NY). The olfactometer delivered air at 100 ml/min through individual polyethylene tubes connected to each odorant syringe filter. This odorized air was further diluted eightfold in carrier air provided by a standard air cylinder for a final odorant delivery of 800 ml/min through the odor valve. Across a single session all odorants were delivered with equal likelihood; on individual trials the odorant presented was selected pseudorandomly.
Details of the behavioral training protocol are described by Stubblefield et al. (2013) . Briefly, after acclimation to 5 days of water restriction (1 ml of water per day), all mice were trained to perform the odor-cued spatial choice task with the following initial stages. 1) Train mice to obtain water reward at side reward ports: the center odor port was obstructed and mice were rewarded for entering into either the left or right port. This stage continued until mice obtained ϳ1 ml of water within one session (2-3 days). 2) Train mice to sample odor in the center port and subsequently obtain water in one of the side reward ports: the center odor port was unobstructed and mice were exposed to alternating blocks of 50 trials, where blocks of trials would alternate between delivery of a left odor [(ϩ/Ϫ)-carvone: 5/95], indicating that water was available at the left reward port, and a right odor [(ϩ/Ϫ)-carvone: 95/5], indicating that water was available at the right reward port. During a block of left-rewarded trials the right reward port would be blocked, and vice versa. 3) Train mice to increase odor sampling time: a required odor sampling time (measured from odor valve open to go signal) indicated when the mouse could exit the center port; premature exits resulted in the absence of reward delivery. The initial required odor sampling time was set to 0.01 s and gradually increased in 0.015-s increments based on performance until a required odor sampling time of 0.3-0.5 s was achieved. Blocks of left and right trials were continued in this stage, but the nonrewarded side was now accessible (i.e., not obstructed). 4) Train mice to perform task with randomized presentation of odor mixtures: we first used blocks of 50 trials with the same odor mixture [(ϩ/Ϫ)-carvone: 5/95 or 95/5, left or right reward, respectively] and gradually reduced the trials per block to 5. Once mice performed 70% correct trials across 2 sessions, block trials were replaced with pseudorandom odor mixture presentation (equivalent to a block size of 1). Once mice performed 70% correct trials for 2 sessions, the second pair of odor mixtures [(ϩ/Ϫ)-carvone: 20/80 and 80/20] were pseudorandomly interleaved (among the 95/5 and 5/95 mixtures) during subsequent sessions. This step was repeated for the final pair of odor mixtures (40/60 and 60/40) and, finally, the 50/50 odor mixture. Mice completed 258.21 Ϯ 57.23 (mean Ϯ SD) successful trials per session depending on motivation and completed training in 6 -8 wk.
Surgery
Mice were placed in a ventilated chamber and briefly exposed to a volatile anesthesia (isoflurane, 2%). Immediately following the onset of deep anesthesia (verified by toe pinch), the animal was placed in the mouth bar of a stereotaxic device with a nose cone that continuously delivered 1-1.5% isoflurane to maintain an anesthetized state. When the animal was fully unresponsive to foot pinch and appeared to maintain a consistent breathing rate, the fur on the surface of the scalp from the midline of the orbits to the midpoint between the ears was removed, and topical antiseptic (Betadine) was applied along with ophthalmic ointment on the eyes. Before the skull was exposed, a bolus of topical anesthetic (2% lidocaine; 250 l) was injected under the surface of the scalp. With the skull exposed by central incision and scalp retraction, we aligned bregma and lambda along the horizontal plane (z coordinate) and drilled out a 1.5 ϫ 1.5-mm cranial window with center point targeted to coordinates for the PPTg (4.5 mm posterior from bregma, 1.1 mm lateral from the midline; Paxinos and Franklin 2004) in the left hemisphere.
Once a cranial aperture was completed, the dural membrane was excised and a Versa Drive 4 (Neuralynx, Bozeman, MT) micro drive (which contains 4 independently adjustable tetrodes) was affixed to the skull using two small skull screws, a layer of luting (3M), and a final layer of dental acrylic (A-M Systems). One skull screw was used to attach a ground wire to the micro drive with solder. Before implantation, tetrodes protruding from the base of the micro drive were positioned to within 100 -200 m from the dorsal surface of the PPTg (2.4 -2.6 mm from brain surface). After the dental acrylic hardened, a topical antibiotic was applied to the scalp around the drive implant, the isoflurane was turned off, and oxygen alone was delivered to the animal to gradually alleviate anesthetic state. Immediately following surgery, animals were administered sterile isotonic saline (0.9%) for rehydration and an analgesic (Ketofen; 5 mg/kg) for pain management. Postoperative care, including analgesic administration, and topical antibiotic application to the scalp were continued for up to 5 days after surgery, and animals were closely monitored for signs of distress.
Electrophysiology
Electrophysiological recordings were collected using four tetrodes, wherein each tetrode consisted of four polyimide-coated nichrome wires (Sandvik, Palm Coast, FL; single-wire diameter 12.5 m) gold plated to 0.2-0.4 M⍀ impedance. Electrical signals were amplified and recorded using the Digital Lynx S multichannel acquisition system (Neuralynx) in conjunction with Cheetah data acquisition software (Neuralynx).
Tetrode depths were adjusted ϳ12 h before each recording session to sample an independent population of neurons across sessions. To estimate tetrode depths during each session, we calculated distance traveled with respect to rotation fraction of the screw that was affixed to the shuttle holding the tetrode. One full rotation moved the tetrode ϳ250 m, and tetrodes were moved on average 62.5 m between sessions. The final tetrode location was confirmed through histological assessment using electrolytic lesions and tetrode tracks.
Offline spike sorting and cluster quality analysis was performed using MClust software (A. D. Redish, University of Minnesota) in MATLAB. Briefly, for each tetrode, single units were isolated by manual cluster identification based on spike features derived from sampled waveforms. Identification of single units through examination of spikes in high-dimensional feature space allowed us to refine the delimitation of identified clusters by examining all possible two-dimensional combinations of selected spike features. We used standard spike features for single unit extraction: peak amplitude, energy (square root of the sum of squares of each point in the waveform, divided by the number of samples in the waveform), and the first principal component normalized by energy. Spike features were derived separately for individual leads. To assess the quality of identified clusters, we calculated two standard quantitative metrics: L-ratio and isolation distance (Schmitzer-Torbert et al. 2005) . Clusters with an L-ratio Ͻ0.75 and isolation distance Ͼ12 were deemed single units, which resulted in the exclusion of 30% of the identified clusters. Although units were clustered without knowledge of interspike interval (ISI), only clusters with ISI Ͼ1 ms were considered for further examination. Furthermore, we excluded the possibility of including data from the same neuron twice by ensuring that both the waveforms and response properties sufficiently changed across sessions. If they did not, we conservatively assumed that we were recording from the same neuron and only included data from one session.
Lesion and Histology
To verify the final location of implanted tetrodes, we performed electrolytic lesions (100 A, ϳ1.5 min per lead) after the last recording session. One day following lesion, mice were overdosed with an intraperitoneal injection of pentobarbital sodium (100 mg/kg) and transcardially perfused with saline followed by ice-cold 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). After perfusion, brains were submerged in 4% PFA in 0.1 M PB for 3.5 h for postfixation and then cryoprotected overnight by immersion in 20% sucrose in 0.1 M PB. The brain was embedded in optimal cutting temperature compound (OCT; ThermoFisher Scientific, Waltham, MS) and frozen rapidly on dry ice. Serial coronal sections (50 m) were cut on a cryostat for reconstruction of the lesion site and tetrode tracks.
For all animals, fluorescent Nissl (NeuroTrace; catalog no. N-21480, Invitrogen) was used to identify cytoarchitectural features of the PPTg and verify tetrode tracks and lesion damage within or below the PPTg. Briefly, after three 10-min washes in 0.1 M PBS, sections were incubated in Alexa 555 fluorescent Nissl (1:500) in 0.1 M PBS (phosphate buffer with 0.9% saline) for 25 min. After incubation, sections were washed 3 times for 10 min in 0.1 M PBS and finally for 10 min in 0.1 M PB. After the final PB wash, sections were mounted serially onto slides and coverslipped with Fluormount-G (Southern Biotechnology, Birmingham, AL).
In two of five animals, immunocytochemistry was used to verify the anatomical location of the PPTg. To confirm the anatomic location of PPTg cell bodies, we used anti-nitric oxide synthase (NOS; see Fig. 2A 2 ) (Dawson et al. 1991; Hope et al. 1991; Sugaya and McKinney 1994; Vincent et al. 1983) . Briefly, to assess a rabbit anti-NOS I polyclonal antibody (working dilution 1:1,000; catalog no. AB1552, lot no. NG1827382, Millipore) in the PPTg, after three 10-min washes in 0.1 M PBS, coronal sections of tissue containing PPTg were incubated in blocking solution containing 1% BSA, 2% normal goat serum, 2% normal donkey serum, and 0.3% Triton X-100 in 0.1 PBS for 1 h and then incubated in a rabbit anti-NOS for 48 h at Ϫ4°. After incubation in antisera, sections were washed three times for 10 min each in 0.1 M PBS. Then sections were incubated in a secondary antibody mixture (goat anti-rabbit Alexa 488, 1:500 and 555 fluorescent Nissl stain solution, 1:500) for 2 h. After secondary antibody incubation, sections were washed three times in 0.1 PBS and once in 0.1 M PB, mounted in serial order onto slides, and coverslipped with Fluormount-G. Images of PPTg used for assessment of tetrode location were captured with a ϫ10 objective lens, using Surveyor software (Objective Imaging, Cambridge, UK), which controlled a Leica DFC365 FX camera attached to a Leica DM6000B microscope.
Data Analysis and Statistics
Behavioral analysis. To assess the performance of each animal across sessions, psychometric functions were fit for each session using p ϭ 1/(1 ϩ e Ϫa Ϫ bx ), where x is the proportion of the right odor [(ϩ)-carvone] in the mixture, p is the fraction of right choices, and a and b are the best-fit free parameters. For each session we also calculated the fraction correct choices [no. of correct choices/(no. of correct choices ϩ no. of incorrect choices)] and the fraction complete choices [(no. of correct choices ϩ no. of incorrect choices)/total attempts; total attempts ϭ no. of correct choices ϩ no. of incorrect choices ϩ no. of instances in which the mouse exited the center port before the go signal].
Epoch selection. After isolating spike times for single neurons, the firing rate of each neuron was examined during different task epochs. We segmented each trial into epochs based on events triggered by the animal. The delay epoch was defined as the window between 100 ms after the odor valve was opened (to account for the time required for the odor to reach the port) to the time when the mouse exited the odor port (Fig. 1A) . The movement epoch was defined as the window between when the mouse exited the odor port and entered one of the two reward ports (Fig. 1A) . The reward epoch was defined as the 750 ms following reward port entry ( Fig. 1A ; this window allowed us to measure neural activity during error trials in which reward port departure could be short in the absence of a reward).
Preference analyses. To quantify the selectivity of single neurons for task variables (direction of movement, outcome), we used an algorithm based on receiver operating characteristic (ROC) analysis (Feierstein et al. 2006; Felsen and Mainen 2008; Green and Swets 1966) . This analysis calculates the ability of an ideal observer to classify whether a given spike rate was recorded in one of two conditions (e.g., during leftward or rightward movement). We defined "preference" as 2(ROC area Ϫ 0.5), a measure ranging from Ϫ1 to 1, where Ϫ1 signifies the strongest possible preference for one alternative, 1 signifies the strongest possible preference for the other alternative, and 0 signifies no preference. This analysis was used to test left vs. right direction preference (left ϭ Ϫ1, right ϭ 1) and outcome preference (no reward ϭ Ϫ1, reward ϭ 1). Statistical significance was determined with a permutation test: we recalculated the preference after randomly reassigning all firing rates to either of the two groups arbitrarily, repeated this procedure 1,000 times to obtain a distribution of values, and calculated the fraction of random values exceeding the actual value. For all analyses, we tested for significance at alpha ϭ 0.05. Only neurons with a minimum number of four trials for each analyzed condition and a firing rate above 2 spikes/s for either of the analyzed conditions were included in the analysis. For analyses based on movement from the odor port to reward port, trials in which the movement time was Ͼ1.5 s were excluded.
Speed/firing rate correlations. To determine the relationship between speed of movement toward a reward port and firing rate either preceding or during movement, we calculated speed as distance divided by movement time (distance ϭ 51 mm from odor to reward port; movement time was calculated as time from odor port exit to reward port entry; Fig. 1D ). For each direction-selective neuron within either the delay epoch or movement epoch, we extracted firing rates in trials corresponding to the preferred direction of the neuron and correlated firing rate with speed in those trials. The same analysis was performed separately for trials in the anti-preferred direction of the neuron. Therefore, two correlation coefficient values were calculated for each neuron within each epoch. We derived and report P values for the correlation coefficients using the MATLAB function corrcoef (Feierstein et al. 2006) .
RESULTS
Mice were trained on a delayed-response version of an odor-guided spatial choice task ( Fig. 1A ; Rinberg et al. 2006; Uchida and Mainen 2003) . In each trial of a session the mouse entered the central port, breaking a photobeam and triggering the delivery of an odor. After a short delay (300 -500 ms) during which odor was continuously delivered, a go signal (light off) indicated that the mouse could leave the odor port and move to either the left or right reward port where water would be delivered for a correct response (Fig. 1A) . Choice accuracy varied with odor discrimination difficulty but was not impaired by microdrive implantation (Fig. 1B) . If the mouse prematurely exited the odor port, the trial was aborted and water was not delivered to either reward port. Mice completed 61.7 Ϯ 8.7% (mean Ϯ SD, across all sessions) of the trials during each session. Whether the mice attended to the go signal or simply learned to delay movement initiation for long enough is not relevant to our subsequent analyses; more importantly, the number of trials completed for each odor mixture was sufficient (Fig. 1C) . Aborted trials were excluded before neurophysiological analysis. During recording, mice responded correctly in 87.9 Ϯ 6.8% (mean Ϯ SD, across all sessions) of the completed trials, with a higher fraction of correct responses for easier trials (Fig. 1C) .
We recorded from 490 well-isolated neurons in the left PPTg during 210 sessions performed by 5 mice (MATERIALS AND METHODS; Fig. 2B ). In the following sections, we describe our analyses of the neural activity recorded during epochs preceding, during, and following the odor-cued movement. Briefly, we found that the activity of PPTg neurons reflected taskrelated variables during each of these epochs (Fig. 3) , extending our understanding of the role of the PPTg in goal-directed movements.
Neural Activity Preceding Movement
We first examined neural activity recorded during the delay epoch (Fig. 1A) , during which the mouse samples the odor stimulus and selects and prepares its movement toward a reward port. During this epoch, we found that the activity of many PPTg neurons was selective for the direction of upcoming movement. Figure 3A 1 shows data from an example neuron that exhibited a higher firing rate preceding ipsilateral (i.e., leftward) movement, and Fig. 3A 2 shows another neuron that exhibited a higher firing rate preceding contralateral (i.e., rightward) movement. To quantify direction preference across Fig. 1 . Behavioral performance on the odor-cued spatial choice task. A: schematic of trial events and task epochs. In each trial, after entering the odor port, the mouse receives an odor, waits for the go signal, exits the odor port, moves to one of the reward ports, and receives a water reward following correctly performed trials. When (ϩ)-carvone Ͼ (Ϫ)-carvone in the mixture, reward is available at the right; when (ϩ)-carvone Ͻ (Ϫ)-carvone, reward is available at the left; and when (ϩ)-carvone ϭ (Ϫ)-carvone, the probability of reward at the left and right ports, independently, is 0.5. The delay epoch begins 100 ms after odor valve open. B: choice behavior is unaffected by drive implant. Behavioral performance for each session best fit to p ϭ 1/(1 ϩ e Ϫa Ϫ bx ), where x is the proportion of (ϩ)-carvone in the mixture ratio, p is the fraction of right choices, and a and b are free parameters. Each line is the average fit across all sessions for either 1 example mouse or all 5 mice. Error bars represent SD. C: gray circles indicate the fraction of completed trials (in which the mouse successfully waited for the go signal before exiting the odor port) as a function of discrimination difficulty, across sessions. Black circles indicate the fraction of completed trials in which the correct reward port was chosen, across sessions. At a mixture contrast of 0, the fraction of rewarded trials is shown (reward was equally likely at left and right on 50/50 trials). Error bars denote SD across sessions. D: solid line shows the distribution of odor sampling durations (from odor valve open until odor port exit) across trials, for all recording sessions (5 mice). In each trial, the delay epoch is delimited by the odor sampling duration. Dotted line shows the distribution of movement durations (from odor port exit to water port entry) across trials, for all recording sessions (5 mice). the population, we used an ROC-based measure that ranges from Ϫ1 to 1; negative values indicate ipsilateral preference, positive indicate contralateral preference, and the magnitude reflects the strength of the preference (MATERIALS AND METHODS; Green and Swets 1966) . We found that 167/454 neurons (36.8%) exhibited significant direction preference preceding movement (P Ͻ 0.05), with more preferring contralateral than ipsilateral movement (P Ͻ 0.05, 2 test; 104 prefer contralateral, 63 prefer ipsilateral; Fig. 3A 3 ) .
Although PPTg neurons are not known to be odor selective, in theory the activity we observed could reflect the odor and not the direction of movement with which the odor is correlated (Fig. 1B) . To disambiguate whether preference indicated odor identity or direction of movement, we examined direction preference during presentation of 50/50 odors. On these trials, the odor was held constant but movement direction varied; thus, if the selectivity we have observed (Fig. 3A) is actually for odor and not direction, there should be no difference in activity between trials in which the left or right reward port was selected. In Fig. 4A , the spiking activity for a representative PPTg neuron recorded during both ipsilateral and contralateral movements following the delivery of a 50/50 odor stimulus shows direction preference despite the absence of an explicit odor/direction association. Indeed, across the population we found that many neurons retained direction preference during 50/50 trials (Fig. 4B) . Although we cannot entirely exclude the possibility that some PPTg neurons are odor selective, this analysis of 50/50 trials suggests that odor selectivity is not sufficient to explain the preference demonstrated in Fig. 3A 3 ; these neurons are therefore likely to be direction selective.
Neural Activity During Movement
We next examined neural activity recorded during the movement epoch (Fig. 1A) , as the mouse moves from the odor to the reward port. Figure 3 , B 1 and B 2 , shows data from two example neurons that exhibit direction selectivity during this epoch. Applying the ROC analysis described above to this epoch, we again found that the firing rate of many recorded neurons depended on whether movement was toward the ipsilateral or contralateral reward port (78.2%; 365/467: 127 ipsilateral and 238 contralateral; Fig. 3B 3 ) . Similar to the delay epoch, the proportion of contralateral preferring neurons was significantly larger than ipsilateral preferring neurons (P Ͻ 0.05, 2 test). We then examined whether neural activity during the delay and movement epochs was associated with movement speed, which would be consistent with a role for the PPTg in movement preparation and execution. Data from an example neuron exhibiting positive correlation between firing rate during a fixed duration at the end of the delay epoch and upcoming movement speed are depicted in Fig. 5A 1 . Note that this correlation is positive for trials in which the movement was in either the preferred or anti-preferred directions. Across the population of neurons that were direction selective during the delay epoch (Fig. 3A 3 , colored bars), we found that, for both preferred-and anti-preferred-direction trials, nearly all neurons in which delay-epoch firing rate and speed of upcoming movement were significantly correlated exhibited a positive correlation (Fig. 5, A 2 and A 3 , P Ͻ 0.001, 2 test; both preferred and anti-preferred-direction trials). We then repeated this analysis for firing rate recorded during the movement epoch. Figure 5B 1 shows data from the same example neuron in Fig. 5A 1 , but for firing rates during the movement epoch. We again found that firing rate was positively correlated with movement speed for movements in the preferred direction of the neuron but was not correlated with movement speed for movements in the antipreferred direction of the neuron. This pattern of correlations was representative of the population of neurons that showed direction preference during the movement epoch (Fig. 3B 2 , colored bars); for preferred-direction trials, more neurons exhibited a positive firing rate-speed correlation than a negative correlation (Fig. 5B 2 , P Ͻ 0.001, 2 -test), whereas during anti-preferred trials more neurons exhibited a negative than a positive firing rate-speed correlation (Fig. 5B 3 , P Ͻ 0.01, 2 -test).
Together, these data demonstrate that the activity of a Fig. 2 . Confirmation of recording sites and spike clustering. A 1 : representative electrolytic lesion administered after final recording session (green dotted polygon), within pedunculopontine tegmental nucleus (PPTg). Coronal section, 4.6 -4.9 mm caudal from bregma. A 2 : representative anti-nitric oxide synthase (NOS) reaction used to enhance the distinction of the PPTg boundaries (red dotted polygon shows electrolytic lesion administered after final recording session). Coronal section, 4.6 -4.9 mm caudal from bregma. A 3 : colored boxes show estimated extent of tetrode recording for each experimental animal. B: energy of waveforms from lead 2 plotted against energy of waveforms from lead 3 of one tetrode for a representative recording session. Blue and red points show waveform energies recorded from neurons considered to be distinct; corresponding waveforms (mean Ϯ SD) shown above. Clustering quality was enforced by requiring clusters to meet thresholds for L-ratio and isolation distance (see MATERIALS AND METHODS). population of PPTg neurons reflects the direction and speed of movements as they are being planned and executed.
Neural Activity Following Movement
Finally, we examined neural activity recorded during the outcome epoch (Fig. 1A) , when the mouse either obtains or does not obtain the anticipated reward. Figure 3 , C 1 and C 2 , shows data from two example neurons that are selective for side (contralateral vs. ipsilateral) during this epoch. Across the population, we quantified side preference during the 750 ms following reward port entry. We observed a higher proportion of neurons with a significant ipsilateral side preference during the outcome epoch (245/473 preferred ipsilateral and 147/473 preferred contralateral; P Ͻ 0.05, 2 test; Fig. 3C 3 ) . The overall percentage of side-selective neurons during this epoch (82.9%) was higher than either the delay or the movement epochs. Interestingly, in contrast to the delay and movement epochs, the proportion of ipsilateral-preferring neurons was significantly larger than contralateral-preferring neurons (P Ͻ 0.05, 2 test). Some electrophysiological studies suggest that PPTg activity reflects reward-related information (i.e., magnitude : Okada et al. , 2011 magnitude and context: Norton et al. 2011) , whereas others suggest that the activity reflects sensory and motor task components rather than reward (Matsumura et al. 1997, Pan and Hyland 2005) . We therefore examined whether activity depended on trial outcome (i.e., reward vs. no reward; Fig. 6 ). Figure 6A shows data from an example neuron that exhibited a higher firing rate during trials in which reward was obtained, whereas Fig. 6B shows a neuron that fired more when reward was not obtained. Across the population, we applied the same ROC-based analysis used above and found that 343/478 neurons (72%) appear to be outcome selective (MATERIALS AND METHODS; note that some variation in activity may be due to different movements during rewarded and nonrewarded trials). Within this population, we found that 28% (96/343) preferred no reward (Fig. 6B) , meaning that the firing rate of these neurons increased when reward was not obtained. However, a majority of the outcome-selective neurons (72%; 247/343) preferred reward (Fig. 6B) , indicating that the firing rate of these neurons increased during reward acquisition. The proportion of reward-preferring neurons was significantly larger than that of no-reward-preferring neurons ( Fig. 6C ; P Ͻ 0.05, 2 test). Given that most PPTg neurons exhibited outcome selectivity (Fig. 6C) , and most also exhibited direction selectivity during the same epoch (Fig. 3C 3 , colored bars) , we sought to determine the extent to which individual neurons jointly represent information from both contexts. For this analysis, we excluded neurons that failed to meet our firing rate and trial number criteria in either condition (MATERIALS AND METHODS). We found that 72.5% (343/473) of the neurons were outcome selective, 82.9% (392/473) were side selective, and 60.3% (285/473) were selective for both side and outcome (Fig. 6D) . These results indicate that the activity of single PPTg neurons may reflect information about both the location and the outcome associated with movement choice.
Dynamics of Direction Preference Throughout the Trial
We have demonstrated that populations of PPTg neurons exhibit direction preference across multiple task epochs (Figs.  3, 4, and 6 ). In addition, we have shown that individual PPTg neurons may represent more than one variable associated with a given epoch of the decision task (i.e., outcome and side preference during the outcome epoch; Fig. 6 ). Given our findings that PPTg neurons reflect direction preference across all measured epochs of our task and appear to show laterality (e.g., there is a contralateral bias within the population of direction-selective neurons in the delay epoch), we now ad- To address the first question, we calculated a "preference curve" for each neuron that exhibited selectivity during the delay epoch and grouped neurons by preferred direction during the delay epoch (e.g., ipsilateral, contralateral and neither; Fig. 7A 1 ) . We computed preference in short (200 ms) overlapping time bins between 800 ms preceding and 1,000 ms following odor port exit (Fig. 7A 1 ; Felsen and Mainen 2008; Wallis and Miller 2003) , which encompassed both the delay and movement epochs. This analysis describes how direction preference emerges and changes as the movement is planned and executed and reveals whether and when a switch in preferred direction occurs. In each panel of Fig. 7A 1 , neurons were sorted by the earliest bin with a significant direction preference. For both ipsilateral-and contralateral-preferring neurons, those neurons that exhibited a switch in their direction preference tended to do so ϳ300 ms after initiation, as the movement was being executed (Fig. 7A 2 ) . Interestingly, some neurons that were not direction selective when the delay epoch was considered in its entirety often exhibited a preference during individual bins within the epoch (Fig. 7A 1 , right) .
This analysis demonstrates that the direction preference of a sizeable fraction of neurons appears to switch between the delay and movement epochs. We next examined the prevalence of this phenomenon across all three epochs by asking whether the direction preference exhibited by a given neuron in one epoch was maintained during the subsequent epoch. In other words, is the preferred direction (or preferred side) of a given neuron independent from one epoch to the next, or can it be predicted from the preferred direction in the preceding epoch? We found that, among the neurons that preferred the contralateral direction during the delay epoch, most maintained their preference during the movement epoch (Fig. 7B 1 ) . In contrast, most neurons that preferred the ipsilateral direction during the delay epoch switched their preference during the movement epoch (Fig. 7B 2 ) .
Thus there exist subpopulations of PPTg neurons that both reverse and maintain direction preference. However, given the bias toward contralateral preference (i.e., contralaterality) observed in the overall population of direction-selective neurons during the movement epoch (Fig. 3B 3 ) , these results do not differ from what would be expected under the assumption that preference during the delay and movement epochs are independent. We compared the distributions of preferred directions during the movement epoch between all neurons selective for direction in this epoch (Fig. 3B 3 , colored bars) and only those neurons that showed a contralateral direction preference during the delay epoch (Fig. 7B 1 ) , and we found that these distributions were not significantly different (P ϭ 0.13, 2 test). We also found no difference in the distributions of preferred directions during the movement epoch between all neurons selective for direction in this epoch (Fig. 3B 3 , colored bars) and only those neurons that showed an ipsilateral direction preference during the delay epoch (Fig. 7B 2 ) (P ϭ 0.37, 2 test). Furthermore, we found that, among the neurons that preferred the contralateral direction during the movement epoch, most switched their side preference during the outcome epoch (Fig. 7C 1 ) , whereas among the neurons that preferred the ipsilateral direction during the movement epoch, most maintained their side preference during the outcome epoch (Fig.  7C 2 ). These results demonstrate the prevalence of exhibiting a preference switch, but given the bias toward ipsilateral preference observed in the overall population of side-selective neurons during the outcome epoch (Fig. 3C 3 ) , they are again consistent with our expectation under the assumption that direction preference during the movement epoch and side preference during the outcome epoch are independent. We compared the distributions of preferred sides during the out- Fig. 5 . Movement speed correlates with activity during delay and movement epochs. A 1 : speed of movement during each trial plotted against activity of an example neuron during the final 267.5 ms of the delay epoch (the shortest odor sampling duration in our data set) of the corresponding trial, separated by trials in which movement was in the preferred and anti-preferred direction of the neuron. Each circle corresponds to 1 trial. Best-fit lines are shown for each group of trials. A 2 : correlation between speed and firing rate for all neurons that were direction selective during the delay epoch (colored bars in Fig. 3A 3 ) for preferred direction trials. Red bars indicate neurons with a significant correlation on preferred (P Ͻ 0.05). Arrowheads indicate correlations for example neuron shown in A 1 . A 3 : correlation between speed and firing rate for all neurons that were direction selective during the delay epoch (colored bars in Fig. 3A 3 ) come epoch between all neurons selective for side in this epoch (Fig. 3C 3 , colored bars) and only those neurons that showed a contralateral side preference during the movement, and we found that these distributions were not significantly different (P ϭ 0.17, 2 test). We also found no difference in the distributions of preferred sides during the outcome epoch between all neurons selective for side in this epoch and only those neurons that showed an ipsilateral side preference during the movement epoch (P ϭ 0.37, 2 test). These results indicate that the preferred direction of individual neurons varies independently across epochs, suggesting that PPTg neurons may participate in multiple distinct processes, throughout the trial, related to goal-directed motor output.
DISCUSSION
Recordings from the PPTg of mice engaged in a spatial choice task revealed overlapping populations of neurons that exhibited direction preference preceding, during, and subsequent to movement choice (Figs. 3-6) , with a diversity of temporal dynamics (Fig. 7) , indicating a broad role for the PPTg in planning and executing movements. The multiple representations of overt task variables by individual neurons (Figs. 6D and 7) , in particular, suggest that the PPTg may contribute to several sensorimotor processes. These results are consistent with the idea that the PPTg is critical for motor control (Garcia-Rill 1991) and supported by known projections of the PPTg to other motor-related regions, such as the SC, medulla, and striatum (Martinez-Gonzalez et al. 2011; Matsumura et al. 2000; Moriizumi et al. 1988; Rye et al. 1987 Rye et al. , 1988 Steininger et al. 1992 ). In addition, we found that PPTg neurons may be selective for movement outcome (i.e., whether or not the choice was rewarded; Fig. 6 , A-C), often while simultaneously reflecting the chosen side (left or right; Fig.  6D ). This finding supports and may extend previous studies identifying a role for the PPTg in reward processing (Kobayashi and Okada 2007; Norton et al. 2011; Okada et al. , 2011 Pan and Hyland 2005) and is consistent with its well-established interconnectivity with reward-related regions [substantia nigra pars compacta (SNc) and ventral tegmental area (VTA); Alam et al. 2011; Spencer 1986, 1987; Blaha and Winn 1993; Inglis and Winn 1995; Parker et al. 1993; Steininger et al. 1992] . These findings support our hypothesis that the PPTg may contribute to the interconnected network of cortical and subcortical regions responsible for sensorimotor decision making (Cisek and Kalaska 2010; Gold and Shadlen 2007; MacLaren et al. 2013) .
PPTg Function Across Species
The PPTg as a brain stem structure has been conserved across many taxa (Alam et al. 2011; Stephenson-Jones et al. 2012) . Electrophysiological studies across species and in a variety of behavioral paradigms implicate the PPTg in goaldirected motor control (Martinez-Gonzalez et al. 2011; MenaSegovia et al. 2004; Winn 2006 Winn , 2008 , consistent with our observations. In rats, although ablation of bilateral PPTg does not impair spontaneous locomotion Keating and Winn 2002) , both pharmacological (Steckler et al. 1994; Steiniger and Kretschmer 2004; Winn 2006 ) and electrical ) manipulation of the PPTg affect goal-directed locomotor behavior. Consistent with these results, a recent electrophysiological study in rats navigating a radial-arm maze found activity correlated with turning behavior (Norton et al. 2011) . Similar findings have been observed in other species. In cats performing a conditioned forelimb movement, unilateral PPTg inactivation induced transient arrest of performance , and recordings revealed PPTg activity preceding movement initiation . In primates performing a lever press/release task, PPTg activity was observed preceding movements of both the ipsilateral and contralateral arm (Matsumura et al. 1997) . Finally, recordings in the PPTg of primates performing a visually guided saccade task found activity correlated with the time of saccade initiation ). Although few studies have systematically examined whether the activity of individual PPTg neurons reflects a specific direction of movement, found in primates that more neurons preferred contralateral than ipsilateral saccades, consistent with our results in freely moving mice (Fig. 3, A 3 and B 3 ).
Anatomic and physiological evidence has shown that the PPTg provides a key input to reward-related midbrain dopaminergic neurons (Lokwan et al. 1999; Maskos 2008; MenaSegovia et al. 2008; Pan and Hyland 2005) . Recently, recording studies in behaving rats and primates have examined the functional relevance of this projection. These studies have demonstrated that PPTg activity is modulated by reward magnitude (Norton et al. 2011) , as well as by either predicted or actual reward ), consistent with our observation of a large population of neurons selective for task outcome (Fig. 6 ).
Our results demonstrate that the PPTg in the mouse may play a broadly similar role in full-body orienting movements as it does in other species for orienting eye and limb movements Dormont et al. 1998; Matsumura et al. 1997; ). However, in contrast to previous studies in the PPTg of other species, our paradigm revealed widespread preference for movement direction during multiple task epochs. Although this finding may indicate a difference in function across species, it is also possible that equally prevalent direction preference would be observed in the PPTg of other species performing more natural gaze-displacing movements, as opposed to movements restricted to one component of the orienting system (e.g., the eyes; Sparks 1999). Although ours is the first to study the PPTg in behaving mice, given the compatibility of our results with those of previous studies, as well as the advantages afforded by the behaving mouse model (Busse et al. 2011; Madisen 2012; O'Connor et al. 2009; ) , mice may provide a complementary model system for further elucidating PPTg function. Ultimately, understanding the PPTg in a genetically accessible Fig. 7 . Dynamics of direction preference throughout trial. A 1 : preference curves for all neurons exhibiting significant preference for the ipsilateral, contralateral, or neither direction during the entire delay epoch (blue, red, and gray bars in Fig. 3A 3 , respectively) , sorted by earliest emergence of preference. Each row corresponds to 1 neuron. Preference curves were calculated by sliding the 200-ms window by 20-ms increments. Trials are aligned to odor port exit. Color scale shows significant preferences (P Ͻ 0.05). Black boxes indicate bins with nonsignificant preferences (P Ͼ 0.05) or with fewer than 4 ipsilateral or contralateral trials. Activity that occurred before odor valve open or after reward port entry was excluded. A 2 : fraction of neurons shown in corresponding panel of A 1 preferring either the ipsilateral (blue) or contralateral (red) direction in each time bin. B 1 : direction preference during the movement epoch for all neurons that preferred upcoming contralateral movement during the delay epoch. Here and in B 2 , C 1 , and C 2 , numbers indicate total number of neurons exhibiting a significant preference (red represents contralateral and blue ipsilateral). B 2 : direction preference during the movement epoch for all neurons that preferred upcoming ipsilateral movement during the delay epoch. C 1 : side preference during the outcome epoch for all neurons that preferred contralateral movement during the movement epoch. C 2 : side preference during the outcome epoch for all neurons that preferred ipsilateral movement during the movement epoch. model may be useful for informing PPTg deep brain stimulation therapies for movement disorders (Benarroch 2013; Fasano et al. 2012; Gradinaru et al. 2009; Insola et al. 2012; Khan et al. 2012; Lourens et al. 2011; Nandi et al. 2008; Peppe et al. 2010; Thevathasan et al. 2010 Thevathasan et al. , 2011a Thevathasan et al. , 2011b Thevathasan et al. , 2012a Thevathasan et al. , 2012b Wilcox et al. 2011) .
Relationship With Activity in Other Sensorimotor Decision Regions
Our results show that the PPTg appears to represent multiple task-related variables associated with sensorimotor decision making, simultaneously (Fig. 6D ) and across time (Fig. 7) , suggesting that the PPTg may lie within the network of decision-making regions involved in initiating movement and evaluating their outcome. Given this interconnectivity of the PPTg with other sensorimotor regions, how does the activity that we have described in the PPTg compare to activity in well-studied areas associated with sensorimotor processing during comparable tasks? We focus primarily on data from rodents, because these are most comparable to the present study.
Previous work suggests that the brainstem cholinergic system modulates motor output via the projection from cholinergic PPTg neurons to the intermediate layers of the superior colliculus (SC; Beninato and Spencer 1986; Hall et al. 1989; Ma et al. 1991; Sooksawate and Isa 2006) . Furthermore, motor-preparatory activity has been observed in the SC of several species (Dorris et al. 1997; Glimcher and Sparks 1992; Harris 1980; Horwitz and Newsome 2001; Munoz et al. 1991) , including rodents performing a similar task to that used here Mainen 2008, 2012; Hirokawa et al. 2011) , with a comparable preponderance of preference for upcoming contralateral movements. PPTg activity observed during the delay epoch (Figs. 3A, 4 , and 5A) may reflect a modulatory influence on motor preparation in the SC, in support of the hypothesis. The diversity of the timing of this activity (Fig. 7A ) may reflect the fact that the PPTg also consists of glutamatergic and GABAergic neurons and projects to other motor-related regions, such as the thalamus, subthalamic nucleus, and reticular formation (Edley and Graybiel 1983; Hallanger et al. 1987; Jones 1990; Mesulam et al. 1983; Moriizumi et al. 1988; Rye et al. 1987 Rye et al. , 1988 Steininger et al. 1992) , and receives input from cortical regions involved in orienting movements (Matsumura et al. 2000 ) that also exhibit motor-preparatory activity in rodents performing a similar task (Erlich et al. 2011) . Future experiments focusing on neurotransmitter-or projection-defined subpopulations of PPTg neurons may disambiguate the potentially distinct roles of these PPTg afferents and efferents (Cardin et al. 2010; Cohen et al. 2012; Lima et al. 2009 ).
It has also been proposed that, via its inputs to the VTA and SNc (Beninato and Spencer 1987; Futami et al. 1995; Sesack et al. 2003; Woolf 1991) , the PPTg contributes to representing the difference between actual and expected reward (Brown et al. 1999; Kobayashi and Okada 2007; Norton et al. 2011; Schultz et al. 1997) . The outcome-selective activity that we observed (Fig. 6) is consistent with this idea. Furthermore, our finding that the activity of many neurons jointly reflects the choice and its outcome (Fig.  6D) suggests that the PPTg, along with other regions implicated in performance monitoring, may be involved in associating actions with their values (Feierstein et al. 2006; Horst and Laubach 2012; Ito et al. 2003; Schoenbaum and Setlow 2001; Sul et al. 2010) . These data are consistent with the idea that some PPTg neurons contribute to the computation of reward prediction error.
The fact that several cortical, midbrain, and brain stem regions exhibit similar neural representations of task-related variables is consistent with the idea that action selection is a distributed process incorporating areas traditionally associated with both higher-order cognition and motor control (Cisek 2012; Cisek and Kalaska 2010) . Future studies can build on ours by leveraging the advantages of the mouse model to understand the roles of distinct cell types within the PPTg and, ultimately, to address how the PPTg interacts with these other regions to mediate sensorimotor decisions.
